The purpose of this study was to evaluate whether the spontaneously hypertensive rat SHRSP.Z-Lepr fa /Izm-Dmcr (SHRSP fatty) is a useful animal model to clarify molecular mechanisms that underlie metabolic syndrome. We investigated histopathologic changes in the cardiovascular organs and metabolic characteristics of SHRSP fatty rats, which are congenic rats from a cross between SHRSP and Zucker fatty (ZF) rats. The aortic wall and cardiac, carotid, and renal arteries from SHRSP and SHRSP fatty rats were thicker than those of ZF rats. The renal cortex in SHRSP and SHRSP fatty rats showed severe glomerulosclerosis. Pancreatic islands in SHRSP fatty and ZF rats showed marked hyperplasia. Steady-state plasma glucose concentrations were higher in SHRSP fatty than in ZF rats. Non-fasting triglyceride levels in SHRSP fatty rats were higher than in ZF rats. DNA synthesis in cultured vascular smooth muscle cells (VSMCs) from SHRSP fatty and SHRSP rats was significantly higher than that in VSMCs from Wistar-Kyoto (WKY) or ZF rats. Levels of platelet-derived growth factor A-chain and transforming growth factor-1 mRNAs were higher in VSMCs from SHRSP fatty and SHRSP than from ZF rats. Microarray analysis identified five genes that were significantly upregulated and four genes that were significantly downregulated in visceral adipose tissue of SHRSP fatty rats compared with levels in control strains (SHRSP and ZF rats). These findings suggest that the combination of hypertension and obesity accelerates vascular remodeling, dyslipidemia, and insulin resistance in metabolic syndrome. The phenotype of SHRSP fatty is similar to that of human metabolic syndrome, and therefore, studies of these rats may help clarify the molecular mechanisms that underlie metabolic syndrome in humans. ( Hypertens Res 2008; 31: 1021-1031) 
Introduction
Metabolic syndrome in association with obesity is a major clinical problem associated with cardiovascular diseases such as atherosclerosis and ischemic heart disease ( 1 , 2 ) . Adipocytes in visceral fat of obese humans secrete a variety of cytokines known as adipocytokines, including tumor necrosis factor (TNF)-α , plasminogen activator inhibitor (PAI)-1, heparin binding-epidermal growth factor (HB-EGF), angiotensinogen, and leptin ( 3 ) . Adipocytokines are thought to induce insulin resistance and to play roles in the pathogenesis of cardiovascular diseases. Moreover, increases in oxidative stress in metabolic syndrome reportedly cause endothelial damage and atherosclerosis ( 4 ) . To investigate in detail the mechanisms that underlie the pathogenesis of cardiovascular diseases associated with metabolic syndrome, animal models of metabolic syndrome are needed.
Hypertension is a major risk factor for various cardiovascular diseases. Prolonged elevation of high blood pressure damages cardiovascular organs and the renin-angiotensin (RA) system. In particular, the tissue RA system, which is independent of the circulating RA system, causes vascular diseases by inducing oxidative stress, extracellular matrix formation, and expression of growth factors ( 5 ) . Therefore, it is believed that the combination of hypertension and obesity accelerates cardiovascular damage.
Hiraoka-Yamamoto et al . ( 6 ) recently established a new rat model of metabolic syndrome, SHRSP.Z-Lepr fa /IzmDmcr, by crossing stroke-prone, spontaneously hypertensive rat (SHRSP) of the Izumo strain, a genetic model of severe hypertension, with Zucker fatty (ZF) rats. SHRSP fatty rat carry the leptin receptor OB-Rb gene mutation found in ZF rats. SHRSP fatty rats become obese and simultaneously develop hypertension. Plasma levels of glucose, insulin, and total cholesterol in SHRSP fatty rats are significantly higher than those in SHRSP and are similar to those in ZF rats. Interestingly, plasma levels of triglycerides and leptin in SHRSP fatty rats are significantly higher than those in SHRSP and ZF rats, suggesting that hypertension enhances the metabolic abnormalities observed in obesity. Thus, the phenotype of SHRSP fatty is similar to that of human metabolic syndrome.
In the current study, to clarify the pathogenesis of metabolic syndrome, we examined histologic changes in cardiovascular organs and metabolic characteristics and visceral adipose tissue gene expression in SHRSP fatty rats.
Methods
Our study conformed to the guidelines published in the "Guide for the Care and Use of Laboratory Animals" of the US National Institutes of Health (NIH Publication No. 85- 23, revised 1996) . Wistar-Kyoto/Izumo (WKY) and SHRSP/ Izumo rats were obtained from the Disease Model Cooperative Research Association (Kyoto, Japan). ZF rats were obtained from Tokyo Experimental Animals (Tokyo, Japan). SHRSP fatty rats were established by crossing SHRSP/Izumo with ZF rats as described previously ( 6 ) . Systolic blood pressure (SBP) was measured by the tail-cuff method. Rats were fasted for 12 h before the beginning of the experiments.
Histologic Examination
Twenty-four week-old WKY, SHRSP, ZF, and SHRSP fatty rats were anesthetized with sodium pentobarbital (Nembutal, 50 mg/kg i.p.; Dainippon Pharmaceutical, Osaka, Japan) and perfused with saline followed by 10% neutral buffered formalin. The brain, aorta, heart, kidney, pancreas, liver, and epididymal fat were removed, and the weight of each organ was determined. Tissue specimens were embedded in paraffin, and 2-μ m thick slices were stained with hematoxylin-eosin (HE), Elastica van Gieson, and Masson's Trichrome. Histologic examination was performed by a pathologist without any prior knowledge of the experimental groups. To estimate the total area of the midlayer in about 1 cm of the aorta, small cardiac and small renal arteries, the point counting method with a grid was used in 5 equally spaced sections. To quantify the amount of matrix in glomeruli, 50 glomeruli on each section were selected randomly. The percentage of each glomerulus occupied by mesangial matrix was estimated and assigned a score of 0 to 4 as follows: 0, normal; 1, involvement of up to 25% of the glomerulus; 2, involvement of 25% to 50% of the glomerulus; 3, involvement of 50% to 75% of the glomerulus; or 4, involvement of 75% to 100% of the glomerulus. Grading for the glomerular injury score (GIS) was performed as described previously ( 7 ) . To quantify the tubulointerstitial area, 20 areas in each renal cortex were selected randomly.
Tubulo-interstitial injuries were graded for basement membrane thickening, dilation, atrophy, interstitial inflammation, interstitial fibrosis, tubular necrosis, desquamation, and hydropic degeneration as follows: grade 0, none; grade 1, < 10%; grade 2, 10-25% as above; grade 3, 26-50%; grade 4, 51-75%; and grade 5, >75% in an average of 20 fields per kidney coronal section.
Measurements of Steady-State Plasma Glucose and Steady-State Plasma Insulin Levels
Polyethylene catheters (PE-50, Clay Adams, Parsipanny, USA) were inserted into the femoral vein under light ether anesthesia to obtain blood. Rats were fasted for 12 h before the beginning of the experiments. After bolus injection of 50 mg/kg octreotide (Sandoz, Basel, Switzerland) through the catheter, 16 mg/kg/min of glucose, 5 mU/kg/min of human insulin (Novolin R; Novo Nordisk, Copenhangen, Denmark), and 0.77 mg/kg/min of octreotide were infused through the catheter for 150 min. Blood samples were obtained via the femoral catheter to measure plasma glucose and insulin levels. Steady-state plasma glucose (SSPG) and steady-state plasma insulin (SSPI) were the plasma levels of glucose and insulin at 120 min, respectively, and these values were used as an index of insulin resistance.
Cell Culture
Vascular smooth muscle cells (VSMCs) were obtained by explant from aortas of 24-week-old rats of each of the four strains. VSMCs were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% calf serum (Gibco Life Technologies, Gaithersburg, USA), 100 U/mL penicillin, and 100 mg/mL streptomycin. Experiments were performed on cells between the 5th and 10th passages.
Determination of DNA Synthesis
Quiescent VSMCs were incubated in DMEM containing [ 3 H]thymidine (0.5 mCi/mL) (NEN Research Products, Boston, USA) for 2 h. VSMCs were then washed three times with ice-cold PBS and fixed with 10% trichloroacetic acid, and DNA was extracted with 0.2% SDS/0.2 Eq/L NaOH. 
RT-PCR Analysis
Total mRNA was extracted from aortic midlayer smooth muscle and cultured VSMCs from 24-week-old rats. Aliquots of mRNA were reverse transcribed into single-stranded cDNA by incubation with avian myeloblastoma virus reverse transcriptase (Takara Biochemicals, Tokyo, Japan).
The primers targeted to TGF-β 1 ( 8 ), PDGF A -chain ( 9 ), and bFGF ( 10 ) were as previously described. Amplification of 18S ribosomal RNA with sense (5 ′ -CGACGACCCATT CGAACGTCT-3 ′ ) and antisense primers (5 ′ -GCTATT GGAGCTGGAATTACCG-3 ′ ) served as an internal control. In order to confirm that no genomic DNA was co-amplified by PCR, control RT-PCR experiments without reverse transcriptase were performed using every set of primers, and no product was amplified. PCR was performed using a DNA Thermal Cycler (Perkin-Elmer Cetus, Norwalk, USA). For semiquantative analysis of mRNA, the kinetics of the PCR reaction were monitored; the number of cycles at which the PCR products became detectable on the gel was compared between the different samples ( 11) . Serial 10-fold dilutions of cDNA (100, 10 and 1 ng) were amplified; the PCR products became detectable at earlier cycles with increasing amounts of cDNA. PCR was performed for 30 cycles with the following thermal cycle profile: denaturing at 96°C for 45 s, primer annealing at 58°C for 45 s, and primer extension at 72°C for 2 min. PCR products were separated by electrophoresis on 1.5% agarose gels, stained with ethidium bromide, and visualized by ultraviolet illumination.
DNA Microarray Rocedure
Total RNA was obtained from visceral adipose tissue of SHRSP fatty, SHRSP and ZF rats by successive extractions with Trizol and RNeasy Mini Kits (Qiagen, Valencia, USA). The RNA was assessed for quality and quantity with a bioanalyzer (Agilent, Palo Alto, USA). DNA microarray analysis was performed according to the manufacturer's instructions (Affymetrix, Santa Clara, USA). In brief, double-stranded cDNA was synthesized from 10 μg of total RNA by reverse transcription with a SuperScript Choice System (Invitrogen, Carlsbad, USA). Biotinylated cRNA was transcribed from the double-stranded cDNA by T7 RNA polymerase reaction with an RNA Transcript Labeling Kit (Enzo Biochem, Farmingdale, USA), fragmented, and applied to Gene Chips (Rat Genome U34 Neurobiology Array; Affymetrix). After hybridization for 16 h at 45°C, the Gene Chip was washed and labeled with R-phycoerythrin streptavidin by using an Affymetrix Fluidics Station 400. The fluorescent signal intensities were measured with an Affymetrix scanner. Raw data were extracted with Microarray Suite 5 software (Affymetrix) and analyzed with GeneSpring GX software (Agilent). Values below 0.01 were set to 0.01. Each measurement was divided by the 50.0th percentile of all measurements in that sample. Each gene was divided by the median of its measurements in all samples. If the median of the raw values was below 10 then each measurement for that gene was divided by 10 if the numerator was above 10; otherwise the measurement was thrown out. 
Statistical Analysis
Results are given as the mean±SEM. The significance of differences between mean values was evaluated by Student's ttest for unpaired data. Differences of p less than 0.05 were considered significant.
Results

Characteristics of Four Strains
Body weights, blood pressures, and organ weights of WKY, SHRSP, ZF, and SHRSP fatty rats are shown in Table 1 . The mean body weight of SHRSP fatty rats was significantly higher (p< 0.05) than that of SHRSP and significantly lower (p< 0.05) than that of ZF rats. SBP in SHRSP fatty rats was significantly lower (p< 0.05) than that in SHRSP and significantly higher (p< 0.05) than that in ZF rats. The mean weight of the heart in SHRSP fatty rats was significantly lower (p< 0.05) than that in SHRSP, whereas it was significantly higher (p< 0.05) than that in ZF rats. The mean weight of the epididymal fat in SHRSP fatty rats was significantly higher (p< 0.05) than that in SHRSP and significantly lower (p< 0.05) than that in ZF rats.
Morphologic Changes in Cardiovascular Organs
Brain microarteries and basilar arteries from 24-week-old WKY, SHRSP, ZF, and SHRSP fatty rats showed similar thicknesses of the midlayer smooth muscle. Cardiac microarteries from SHRSP and SHRSP fatty rats showed vacuolar degeneration in midlayer smooth muscle and multilayered elastic fibers, whereas these changes were not observed in WKY rats or ZF rats (Fig. 1A) .
The pathologic changes in large arteries of 24-week-old rats of the four strains are shown in Fig. 1 . The thicknesses of the midlayer smooth muscle of the carotid and renal arteries in SHRSP fatty rats were significantly larger (p< 0.05) than those in ZF rats and lower (p< 0.05) than those in SHRSP ( Fig. 1B and C) . The thickness of the midlayer smooth muscle ) # * of aorta in SHRSP fatty rats was significantly larger than that in ZF rats and similar to that in SHRSP ( Fig. 1D ).
Pathologic changes in the renal cortex in 24-week-old rats are shown in Fig. 2 . Renal cortices from SHRSP and SHRSP fatty rats showed marked thickening of the small artery walls with multiple layers in an "onion skin" pattern, severe glomerulosclerosis with glomerular ischemia due to afferent arterial obstruction, and tubulointerstitial degeneration. Such changes were not observed in WKY and ZF rats ( Fig. 2A ). GIS and tubulointerstitial injury score (TIS) in SHRSP fatty rats were significantly higher (p< 0.05) than those in ZF rats and similar to those in SHRSP (Fig. 2B ).
Pathologic Findings of the Pancreas and Epididymal Fat in 24-Week-Old Rats
Pancreatic islands in SHRSP fatty and ZF rats showed marked hyperplasia compared to those in the other strains ( Fig. 3) . The mean sizes of cells in epididymal fat in SHRSP fatty and ZF rats were larger than those of the other strains ( Fig. 3 ).
Metabolic Characteristics
SSPG and SSPI values for the four rat strains are shown in Table 2 . SSPG and SSPI values in ZF rats were significantly higher (p< 0.05) than those in SHRSP. SSPG and SSPI values in SHRSP fatty rats were significantly higher (p< 0.05) than those in ZF rats.
Plasma lipid profiles of SHRSP, ZF, and SHRSP fatty rats are shown in Table 3 . Plasma levels of total cholesterol in ZF rats and SHRSP fatty rats were significantly higher (p< 0.05) than those in SHRSP. Fasting plasma triglyceride levels were similar among these strains, whereas non-fasting plasma triglyceride levels in ZF rats were significantly higher (p< 0.05) than those in SHRSP. Non-fasting plasma triglyceride levels in SHRSP fatty rats were significantly higher (p< 0.05) than those in ZF rats.
Growth Characteristics of VSMCs
To evaluate the growth of VSMCs independently of blood pressure and the metabolic abnormalities of SHRSP fatty rats, we examined basal DNA synthesis and the expression of mRNAs for growth factors in cultured VSMCs derived from the four rat strains. Basal DNA synthesis in VSMCs from SHRSP fatty rats was significantly higher (p< 0.05) than that in VSMCs from ZF rats and similar to that in VSMCs from SHRSP (Fig. 4A ). Levels of PDGF A-chain and TGF-β1 mRNAs in VSMCs from SHRSP fatty rats were significantly higher (p< 0.05) than those in VSMCs from ZF rats and similar to those in VSMCs from SHRSP. There was no significant difference in the level of bFGF mRNA between VSMCs from the four strains (Fig. 4B ).
Gene Expression Profiling of Visceral Adipose Tissue by DNA Microarray
To identify genes differentially expressed between SHRSP fatty rats and the control strains (SHRSP and ZF rats), we carried out microarray analysis. Sixty genes showed significantly higher expression in the visceral adipose tissue of SHRSP fatty rats than in that of SHRSP, including the cannabinoid receptor, 5-hydroxytryptamine receptor, and hypocretin receptor genes. Fifty-three genes showed significantly lower expression in the visceral adipose tissue of SHRSP fatty rats than in that of SHRSP, including the β 3 adrenergic receptor, complement component 3, and thyroid hormone receptor alpha genes. Forty-seven genes were induced at significantly higher levels in the visceral tissue of SHRSP fatty rats compared with that in ZF rats, including the tryptophan hydroxylase, Fas and Metallothionein 1a genes. The expressions of 48 genes were significantly lower in the visceral tissue of SHRSP fatty rats than in that of ZF rats, including the transforming growth factor β receptor II, interleukin 2 and nitric oxide synthase 2 genes.
Five genes showed remarkable upregulation and four genes showed remarkable downregulation in visceral adipose tissue from SHRSP fatty rats compared with the control strains (SHRSP and ZF rats) ( Table 4 ). The expression of insulin-like growth factor 2 (IGF2), like the expressions of metallothionein-2 (MT-II), guanine nucleotide binding protein (GNB1), cathepsin K (CTSK) and heme oxygenase-1 (HO-1), was significantly higher in visceral adipose tissue of SHRSP fatty rats than in visceral adipose tissues of the control strains. The expressions of Na + /K + transporting ATPase (ATP1A2), superoxide dismutase 3 (SOD3), insulin-like growth factor binding protein 2 (IGF2BP2) and voltage-dependent anion channel (VDAC1) were significantly lower in visceral adipose tissues of SHRSP fatty rats than in those of the control strains. All significant differences in gene expression between SHRSP
Fig. 3. Pathologic findings of the pancreas and epididymal fat in 24-week-old Wistar-Kyoto (WKY) rats, stroke-prone, spontaneously hypertensive rats (SHRSP), Zucker fatty (ZF) rats, and SHRSP fatty rats. Each section was stained with hematoxylineosin.
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Epididymal fat fatty rats and the control strains discovered by microarray analysis were further confirmed by RT-PCR.
Discussion
We investigated histopathologic abnormalities of the cardiovascular organs in 24-week-old SHRSP fatty rats as a new animal model of metabolic syndrome and compared our findings to those in age-matched WKY, SHRSP, and ZF rats. The thickness of the midlayer smooth muscle of the brain microarteries and basilar arteries was similar among the four rat strains. In contrast, the cardiac microarteries from SHRSP and SHRSP fatty rats showed significant thickening of the midlayer smooth muscle with vacuolar degeneration and multilayered elastic fibers. These findings suggest that hypertension and metabolic abnormalities are not associated with hypertrophy of brain arteries, whereas hypertension, but not metabolic abnormalities, induces hypertrophy of cardiac microarteries. Previous studies have shown that salt-loaded SHRSP developed severe hypertension and fibrinoid necrosis of the wall and marked cellular thickening of the intima and media of the arterioles and small arteries of the kidney, testicle, mesentery, adrenal gland, and brain (12, 13) . It is possible that the absence of wall thickening in the brain microarteries is due to the fact that we did not salt-load SHRSP fatty and SHRSP rats in the present study. The thicknesses of the midlayer smooth muscle of the carotid and renal arteries in SHRSP fatty rats were significantly larger than those in ZF rats and smaller than those in SHRSP. These changes were associated with alterations in blood pressure. The thickness of the midlayer smooth muscle of the aorta in SHRSP fatty rats was significantly larger than that in ZF rats and was similar to that in SHRSP. These changes were not correlated with blood pressure, suggesting that these differences may have been related to atherosclerotic changes caused by the metabolic abnormalities.
The renal cortices from SHRSP and SHRSP fatty rats showed marked thickening of the small artery wall with multiple layers in an "onion skin" pattern and severe glomerulosclerosis with glomerular ischemia due to obstruction of the afferent artery. As a result, the GIS levels in SHRSP fatty rats were significantly higher than those in ZF rats and similar to those in SHRSP. These findings suggest that hypertrophy of the small renal arteries and glomerulosclerosis are also associated with hypertension and not with metabolic abnormalities.
ZF rats are resistant to leptin due to a mutation in the leptin receptor, OB-Rb (14) . ZF rats are characterized metabolically by severe insulin resistance with hyperinsulinemia, hyperglycemia, hyperlipidemia, and hypercortisolemia (15) . In the present study, pancreatic islands in SHRSP fatty and ZF rats showed marked hyperplasia compared to those in WKY rats and SHRSP. The pancreas of ZF rats show pronounced insulin cell hyperplasia, abnormal islet architecture, and lack of pancreatic polypeptide cells (16) . These changes induce hyperinsulinemia, which reflects insulin resistance (17) . To examine abnormalities in visceral fat, we measured the size of epididymal fat cells. The mean cell size was larger in SHRSP fatty and ZF rats than in the other strains. Thus, SHRSP fatty rats have abnormalities in the cardiovascular organs, pancreatic islands, and visceral fat that are associated with a combination of hypertension and obesity. To assess insulin resistance, we analyzed SSPG and SSPI in all four strains. SSPG and SSPI values in SHRSP were not different from those in WKY rats. SSPG and SSPI values in ZF rats were significantly higher than those in WKY rats and SHRSP, indicating that ZF rats are resistant to insulin. Interestingly, SSPG and SSPI values in SHRSP fatty rats were higher than those in ZF rats. In addition, non-fasting plasma levels of triglycerides in SHRSP fatty rats were higher than those in ZF rats. These findings suggest that hypertension enhances metabolic abnormalities such as insulin resistance and hypertriglyceridemia in obesity. The tissue RA system is involved in the pathogenesis of hypertension and insulin resistance (18) (19) (20) (21) . Insulin resistance is observed in non-obese patients with essential hypertension (1) . Suppression of the RA system with angiotensin converting enzyme (ACE) inhibitors and angiotensin II (Ang II) type 1 receptor antagonists improves insulin resistance in patients with essential hypertension (22) (23) (24) (25) . We previously reported that the tissue RA system is associated with insulin resistance in patients with essential hypertension (26) . Taken together, these findings indicate that the tissue RA system is associated with hypertension as well as insulin resistance in patients with essential hypertension. We previously showed that endogenous Ang II suppresses insulin signaling in vascular smooth muscle cells from spontaneously hypertensive rats (SHR) by activating extracellular signal-regulated kinase (21) . In addition, it has been reported that the tissue RA system induces insulin resistance through oxidative stress induced by activation of NADPH oxidase (27, 28) . It has been reported that SHRSP show increased oxidative stress in cardiovascular organs (29, 30) . However, in the present study, SHRSP did not show insulin resistance, and this may be due to the fact that these animals have a naturally lower body weight. It is possible that the pathogenesis of hypertension Interestingly, SBP in SHRSP fatty rats was lower than that in SHRSP in the present study. It has been reported that the blood pressures of ZF rats is lower than that of lean littermates (31, 32) . Thus, the lower blood pressure in SHRSP fatty rats may be associated with leptin resistance.
DNA synthesis in cultured VSMCs from SHRSP fatty and SHRSP rats was significantly higher than that in VSMCs from WKY and ZF rats. The expression of PDGF A-chain and TGF-β1 mRNAs was higher in VSMCs from SHRSP fatty and SHRSP rats than in those from WKY and ZF rats. In culture, cells are not subjected to blood pressure changes. Therefore, the faster growth of VSMCs from SHRSP fatty and SHRSP rats is independent of blood pressure and is therefore related to intrinsic abnormalities. We reported previously that SHR-derived VSMCs in culture show exaggerated growth in comparison to cells from WKY rats, and that SHRderived VSMCs produce Ang II in homogenous cultures (33) (34) (35) . We also reported that the mechanism underlying the enhanced generation of Ang II by VSMCs from SHR appears to be associated with the change from the contractile to the synthetic phenotype, which is accompanied by increases in the numbers of cytosolic organelles (36) . In addition, we showed that the increased production of Ang II stimulates expression of PDGF A-chain and TGF-β1 (37) . Therefore, it is possible that the exaggerated growth of VSMCs from SHR, SHRSP, and SHRSP fatty rats and the increased production of growth factors are associated with genetic abnormalities that induce expression of the synthetic phenotype of VSMCs in SHR-related strains.
Adipose tissue is an active endocrine organ that secretes a variety of metabolically important substances, including adipokines. These factors affect insulin sensitivity and may represent a link between obesity and insulin resistance. The DNA microarray approach has been used to identify genes related to the metabolic syndrome phenotype. Sixty genes showed remarkable upregulation and fifty-three genes showed remarkable downregulation in visceral adipose tissue from SHRSP fatty compared with SHRSP rats. However, genes involved in triglyceride metabolism or leptin signaling were not identified as differentially expressed genes between the two strains. We identified five genes, IGF2, MT-II, GNB1, CTSK, and HO-1, that showed elevated expression in visceral adipose tissue of SHRSP fatty rats compared with that in control strains. We identified four genes, ATP1A2, SOD3, IGF2BP2, and VDSC1, that showed reduced expression in visceral adipose tissue of SHRSP fatty rats compared with that in control strains. IGF2 is a member of the insulin family of polypeptide growth factors, and functions to mediate the activity of growth hormones, stimulate the growth of cultured cells, and stimulate the action of insulin (38) . The function of MT-II is unknown. However, MT-I and -II-knockout mice are reported to have an obese phenotype (39) . IGF2 and MT-II may have important roles in the development of visceral obesity. GNB1 is a heterotrimeric guanine nucleotide-binding protein and transduces extracellular signals received by transmembrane receptors to effector proteins (40) . Because cells in visceral adipose tissue in obese animals are active, it is reasonable to conjecture that GNB1 expression is elevated in these cells. Because HO-1 gene expression is induced by oxidative stress (41), upregulation of HO-1 suggests that oxidative stress may be elevated in the abdominal adipose tissue of SHRSP fatty rats. We also identified four genes that showed lower expression in visceral adipose tissue of SHRSP fatty than in control strains. ATP1A2 and SOD3 are known to play important roles in anti-oxidation (42, 43) . Reduced expression of these genes may influence atherosclerotic lesion formation in SHRSP fatty rats. IGF2BP2 binds the leader-3 mRNA in the 5′ untranslated region of IGF2 and inhibits translation. Downregulation of IGF2BP2 affects adipose tissue via the same axis as observed for upregulation of the IGF2 gene (44) . VDAC1 protein is thought to comprise the major pathway for movement of adenine nucleotides through the outer membrane and to be the mitochondrial binding site for hexokinase and glycerol kinase (45) . Glycerol kinasedeficient mice show altered fat metabolism with profound hypertriglyceridemia and elevated free fatty acids (46) . In our microarray data, most of the genes with altered expression were involved in glucose, lipid, or fat metabolism or oxidative stress. Expression of these genes was altered significantly in SHRSP fatty rats compared with lean SHRSP and fatty ZF rats.
In conclusion, we here demonstrated that SHRSP fatty rats show obesity and hypertension accompanied by hypertrophy of the midlayer smooth muscle of the arterioles, increased non-fasting triglyceride levels, and increased SSPG and SSPI values. These findings suggest that the combination of hypertension and obesity accelerates the vascular remodeling, dyslipidemia, and insulin resistance associated with metabolic syndrome. Therefore, the phenotype of SHRSP fatty rats is similar to that of human metabolic syndrome, and these rats may be a useful tool to investigate the molecular mechanisms that underlie metabolic syndrome. Selected genes with altered expression may play important role in visceral adipose tissue, and further studies are needed to clarify the function of the these genes in metabolic syndrome.
